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ABSTRACT
Here, we study the dichotomy of the escaping atmosphere of the newly discovered
close-in exoplanet AU Mic b. On one hand, the high EUV stellar flux is expected
to cause a strong atmospheric escape in AU Mic b. On the other hand, the wind of
this young star is believed to be very strong, which could reduce or even inhibit the
planet’s atmospheric escape. AU Mic is thought to have a wind mass-loss rate that is
up to 1000 times larger than the solar wind mass-loss rate (M˙). To investigate this
dichotomy, we perform 3D hydrodynamics simulations of the stellar wind–planetary
atmosphere interactions in the AU Mic system and predict the synthetic Ly-α transits
of AU Mic b. We systematically vary the stellar wind mass-loss rate from a ‘no wind’
scenario to up to a stellar wind with a mass-loss rate of 1000 M˙. We find that, as the
stellar wind becomes stronger, the planetary evaporation rate decreases from 6.5×1010
g/s to half this value. With a stronger stellar wind, the atmosphere is forced to occupy
a smaller volume, affecting transit signatures. Our predicted Ly-α absorption drops
from ∼ 20%, in the case of ‘no wind’ to barely any Ly-α absorption in the extreme
stellar wind scenario. Future Ly-α transits could therefore place constraints not only
on the evaporation rate of AU Mic b, but also on the mass-loss rate of its host star.
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1 INTRODUCTION
AU Microscopii (AU Mic) is the second closest pre-main se-
quence star to the solar system (9.79 pc). With an age of
approximately 22 Myr, it is orbited by an edge-on debris
disk, within which lies the recently discovered warm Nep-
tune AU Mic b (Plavchan et al. 2020). Detections of such
young exoplanets are still rare, given that young stars like
AU Mic pose many observational challenges for planet de-
tection, such as the presence of spots and frequent flares.
AU Mic b can therefore provide unique insights into newly
formed planets and their atmospheres.
Due to its youth and activity, AU Mic emits a large flux
of high-energy photons in the extreme-ultraviolet (EUV).
Combined with the small orbital distance (0.066 au), the
estimated EUV flux impinging on AU Mic b is 4.7 ×
103 erg cm−2 s−1, and can be as high as 2.2 × 104 erg cm−2 s−1
when the star is in flaring state (stellar fluxes from Chad-
ney et al. 2015). These values are 10–50 times larger than
the estimated flux received in HD209458b of 450 erg cm−2 s−1
(Murray-Clay et al. 2009), a hot Jupiter that shows strong
atmospheric evaporation (Vidal-Madjar et al. 2003). By
analogy, one would expect that AU Mic b would be strongly
evaporating. Additionally, due to the youth of the system,
the planet likely still has its primordial atmosphere, which
would be mainly composed of hydrogen. A strong evapora-
tion of a hydrogen-rich atmosphere, such as the one AU Mic
b could host, is better probed in hydrogen lines, such as in
Ly-α or the Balmer series, through spectroscopic transits.
As the high-energy flux is deposited in the lower lay-
ers of the planetary atmosphere, the atmosphere is heated
and expands. As a consequence, the atmosphere escapes the
planet in the form a photo-evaporative outflow (e.g. Yelle
2004; Murray-Clay et al. 2009). On its journey up, the evap-
orating atmosphere is accelerated from a subsonic to a su-
personic flow that eventually crosses the Roche lobe and
escapes from the planet.
One important point to consider when studying plane-
tary evaporation is that the escaping atmospheres do not ex-
pand into an empty space, but rather the atmosphere pushes
its way into the stellar wind. The stellar wind of cool dwarfs
consists of a hot, ionised plasma, that is embedded in the
stellar magnetic field (Vidotto et al. 2015). Stellar winds can
affect atmospheric evaporation of close-in exoplanets (e.g.,
Matsakos et al. 2015; McCann et al. 2019; Carolan et al.
2020). In particular, the stronger the stellar wind is, the
larger is the pressure it exerts in the planetary atmosphere.
In a simplified way, we can think of this like the interac-
tion of two fluids. The point where these two fluids meet
is determined by pressure balance. Therefore, the stronger
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2the stellar wind is, the point where balance is achieved is
reached deeper in the evaporating atmosphere, which, as a
consequence, is forced to occupy a smaller volume.
If the interaction happens so deep in the planetary
atmosphere, where the planetary outflow is still subsonic,
the stellar wind could substantially reduce the evapora-
tion (Christie et al. 2016; Vidotto & Cleary 2020). Us-
ing 3D hydrodynamics simulation, Carolan et al. (2020)
performed a systematic study of the effects of the stel-
lar wind on the evaporation rate of a typical hot Jupiter.
They showed that for weaker stellar winds, the reduction
in planetary escape rate was very small. Nevertheless, be-
cause the atmosphere was forced to occupy a smaller volume,
spectroscopic transit signatures were substantially affected.
The atmospheric escape rates remained approximately con-
stant (' 5.5 × 1011g/s), while its Ly-α transit absorption
changed from 24% to 14% as the stellar wind mass-loss rate
was only moderately increased from ‘no wind’ to a wind
with a mass-loss rate that is 10 times the solar value of
M˙ = 2× 10−14 M yr−1. However, as the stellar wind became
stronger than that, a more substantial reduction in evap-
oration rates was seen, in particular after this interaction
started to occur below the sonic surface of the planetary
outflow. For a stellar wind mass-loss rate of 100 M˙, the
evaporation rate had reduced 65% and the absorption in
the Ly-α line went down to less than 5%.
This leads to a dichotomy for the AU Mic system.
While, due to the large EUV flux impinged on the atmo-
sphere, the evaporation rate of a close-in planet is expected
to be very strong during its youth, the stellar wind is also
stronger at young ages (Vidotto & Donati 2017; Carolan
et al. 2019). AU Mic in particular is thought to have a wind
mass-loss rate that is larger than solar, but it is not em-
pirically measured. Theoretical estimates range from 10 M˙
(Plavchan et al. 2009) to 1000 M˙ (Strubbe & Chiang 2006;
Chiang & Fung 2017).
To investigate what could be possibly happening in the
AU Mic system and, in particular, to guide whether strong
evaporation could be detected in Ly-α transits, we study
how the wind of AU Mic could affect the evaporation rate
of AU Mic b and its predicted transit. For that, we use 3D
hydrodynamics simulations followed by synthetic line profile
calculations to investigate the effect increasing the strength
of the stellar wind has on Ly-α transits of AU Mic b.
2 ATMOSPHERIC ESCAPE AND SYNTHETIC
Ly-α TRANSIT MODELS
We use the model presented in Carolan et al. (2020) to
study the effects of the stellar winds on AU Mic b. Here,
we briefly introduce the model and point the reader to Car-
olan et al. (2020) for further details. Our model uses the
Space Weather Modelling Framework (To´th et al. 2005) to
perform the 3D hydrodynamics simulation of the interac-
tion betwen the stellar wind and the planetary atmosphere.
The planet is centred in the 3D grid and the stellar wind is
injected through an outer boundary. We assume these two
flows are isothermal, with the stellar wind having a temper-
ature of 2 MK and the planetary outflow a temperature of
5300K (our choice of temperature is discussed below). We
use a rectangular grid that extends from [−50, 50] rp in the
x and y directions and [−32, 32] rp in the z direction, where
rp is the radius of the planet. The orbital plane is in the xy
plane and the orbital spin axis is along positive z. AU Mic
b is in a prograde orbit nearly perpendicular to the stellar
spin axis (Martioli et al. 2020). Our grid contains ∼16 mil-
lion cells and has a non-uniform resolution, with the highest
resolution of 1/16 rp within a radius of 5 rp, and gradually
coarser towards the edge of the grid. We solve for the mass
density ρ, velocity ~u = [ux, uy, uz] and thermal pressure P
in the frame corotating with the planet, which is assumed
to have the same rotational angular velocity as the orbital
angular velocity, for simplicity. We solve a set of coupled
hydrodynamic equations. The momentum equation is
∂(ρ~u)
∂t
+∇· [ρ~u~u+PI] = ρ~g− ρGM∗
(r − a)2 Rˆ−ρ
~Ω× (~Ω× ~R)−2ρ(~Ω×~u),
(1)
where I is the identity matrix, ~g the acceleration due to
the planet’s gravity, G the gravitational constant, and M∗ is
the mass of the star. ~r is the position vector relative to the
planet, ~a the position of the star relative to the planet, ~Ω the
orbital rotation rate, and ~R is the position vector relative to
the star. In the right-hand side of Eq. (1) we have the plan-
etary gravitational force, stellar gravity, and the centrifugal
and Coriolis forces. The energy conservation equation is
∂
∂t
+ ∇ · [~u( + P)] = ρ
~g − GM∗(r − a)2 Rˆ − ~Ω × (~Ω × ~R)
 · ~u, (2)
where  = ρu2/2+P/(γ − 1). We take γ = 1.001, which implies
that the flows are nearly isothermal. We assume an ideal
gas, where the thermal pressure is P = ρkBT/(µmp), where
kB is the Boltzmann constant, and µ is the mean mass per
particle and mp is the mass of the proton. Our 3D simulations
assume fully ionised hydrogen flows, thus µ = 0.5. The set of
equations is closed with the mass conservation equation
∂ρ
∂t
+ ∇ · (ρ~u) = 0. (3)
We assume a planetary mass of 0.69 MNep and radius of
1.08 RNep. The stellar mass and radius are M∗ = 0.5 M and
R∗ = 0.75 R. The orbital distance is a = 0.066 au, transit du-
ration is 3.5h and the impact parameter is 0.16R?. All these
values are from Plavchan et al. (2020), with the exception of
the planetary mass that is from Plavchan et al. (in prep.).
Figure 1 shows the output of one of our simulations, after
reaching steady state.
To calculate the Ly-α transit profiles, we use the ray
tracing technique detailed in Vidotto et al. (2018); Allan &
Vidotto (2019). Stellar rays are shot through the planetary
material, which is represented by the volume entailed by the
grey surface in Figure 1. We calculate the velocity-dependent
optical depth τv of this material along the line-of-sight and
integrate over the all rays that are transmitted through the
atmosphere to obtain the velocity-dependent transit depth
∆Fv =
∫ ∫
(1 − e−τv ) dydz/(piR2∗). (4)
The optical depth of the Ly-α transit requires the density of
neutrals nn, such that τv =
∫
nnσvφv dx, where φv is the Voigt
line profile, and σ = 0.01103 cm2 Hz is the Ly-α absorption
cross section at line centre. Because our 3D model does not
treat the neutral material of the planetary outflow, we use a
post-processing technique to estimate its ionisation fraction
MNRAS 000, 1–5 (2020)
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Figure 1. Atmospheric escape of AU Mic b, when it interacts
with a stellar wind with M˙ = 100M˙. The stellar wind is injected
in the negative x. Its streamlines are shown in grey, while the black
streamlines represent the velocity field of the planetary outflowing
atmosphere. The density is shown in the equatorial plane and
the grey surface around the planet shows the region used in the
synthetic transits (with temperature . 1.1Tp, Section 2).
fi. This is done using the 1D atmospheric escape model of
Allan & Vidotto (2019), where we assume an EUV luminos-
ity of 1.5× 10−5 L appropriate for the quiescent state of AU
Mic (Chadney et al. 2015). With this, we derive the density
of neutrals as nn = np(1− fi)/ fi, where np is the proton density
from our 3D simulations.
The results of our 1D model are also used to constrain
the free parameters in the 3D simulations, namely the atmo-
spheric base temperature and density. The 1D model solves
the energy equation of the planetary outflow assuming pho-
toionisation by stellar EUV photons and Ly-α cooling (Allan
& Vidotto 2019). As a result, the atmospheric temperature
varies from 1000K at 1rp to nearly 8000 K at ∼ 2rp, and
cools beyond that. We pick an intermediate temperature of
5300 K for our 3D model. We also chose the base density
of our 3D simulations such that it matches the predicted
escape rate of 6.5 × 1010 g/s from the 1D model.
3 RESULTS: SYSTEMATIC VARIATION OF
THE STELLAR WIND STRENGTH
We perform 5 simulations where we systematically vary the
stellar wind mass-loss rate: M˙ = 0 (no wind), 1, 10, 100
and 1000 M˙. We use a temperature of 2MK for the stellar
wind, so that the stellar wind has the same velocity structure
across our simulations. As this is a thermally-driven wind,
the wind velocity is independent of the density, so changing
the mass-loss rate while the velocity structure is constant
solely changes the density profile of the injected stellar wind.
Figure 2 shows the orbital slice of each of these simu-
lations. We see that as the stellar wind mass-loss rate (and
thus its ram pressure) is increased, the escaping atmosphere
Table 1. Simulation results showing the stellar wind mass-loss
rate (M˙), planetary atmosphere escape rate (m˙), absorption in the
blue ([-100,-36] km/s) and red ([36,100] km/s) wings of the Ly-α
line and the sum of these absorptions.
M˙ (M˙) m˙ (1010g/s) ∆Fblue (%) ∆Fred (%) ∆Ftot (%)
0 (no-wind) 6.5 9.9 10 20
1 6.5 9.8 5.8 16
10 6.3 4.1 1.4 5.5
100 5.9 1.4 1.1 2.5
1000 3.2 0.25 0.25 0.5
is confined closer to the planet, and forced to occupy a
smaller volume. The position where the interaction happens
eventually disrupts the sonic surface (originally at 1.3rp) of
the escaping atmosphere, such that parts of the planetary
outflow, especially in the dayside, can no longer accelerate
to supersonic speeds. When this happens, we see a stronger
decrease in the escape rate of the planetary atmosphere.
We calculate the escape rate by integrating the mass
flux through concentric spheres (with areas A) around the
planet: m˙ =
∮
A
ρ~u · dA. These values are given in Table 1,
where we see that the escape rate is unaffected in the 1 and
10 M˙ models, and they are very similar to the values we
obtain in the ‘no wind’ model. In the 100 M˙ model the
escape rate has decreased slightly from 6.5×1010 to 5.9×1010
g/s. This is the first of our computed models where the wind
is capable of sufficiently confining the escaping atmosphere
such that the dayside sonic surface is disrupted. The dayside
flow is no longer able to reach supersonic speeds. Material
continues to outflow from the planet but they are funnelled
back towards the comet-like tail (better seen in Figure 1).
The nightside sonic surface remains unaffected, so only a
small decrease in escape rate is found in this model. This is
not the case in the 1000 M˙ model, where the stellar wind
confines the escaping atmosphere such that the sonic surface
on all sides of the planet is affected. This results in a 50%
lower escape rate, when compared to other models.
We investigate the effect this confinement has on the
Ly-α transit by performing synthetic transit calculations.
To ensure that the material we use in the ray tracing com-
putation is planetary, we use a temperature cut-off that is
10% higher than the planetary outflow and follow the de-
scription presented in Section 2. The contours of this tem-
perature cut-off is seen in the last panel of Figure 2 for the
orbital plane, further illustrating how the confinement of the
planetary atmosphere varies in each model.
In none of our models the line centre is saturated (i.e.,
100% absorption), but models with 0 and 1 M˙ reach more
than 95% absorption at line centre. However, given the line
centre of the Ly-α line is contaminated by geocoronal emis-
sion and interstellar absorption, we do not consider the line
centre [-36, 36] km/s in our results presented next. The blue
[-100, -36] km/s and red [36, 100] km/s wings of the Ly-α line
are shown in Figure 3a and b, respectively. The absorption
computed in these velocity intervals
∫ v f
vi
∆Fvdv/(v f − vi) are
shown in Table 1 and Figure 3c, where vi and v f are initial
and final velocities in the ranges quoted above.
The no-wind model is the only case where the line pro-
file is nearly symmetric in both wings. Line asymmetry is
already seen in model 1M˙. Despite the escape rate of the
MNRAS 000, 1–5 (2020)
4Figure 2. Density structure and velocity streamlines in the planet’s reference frame for the 5 simulations we run for varying stellar wind
M˙, quoted on the first five panels. The planet is shown at the center of the grid on the orbital plane. As the stellar wind that is injected
in the negative x boundary has a larger M˙, the escaping atmosphere of AU Mic b is forced into smaller volumes. The last panel shows the
iso-contours of temperature at approximately the temperature we adopt for the planetary atmosphere. Material within these contours
belong to the planet and are used in the synthetic calculations of the Ly-α transit profiles. The numbers shown next to each iso-contour
represents the stellar wind mass-loss rate in M˙. The inner-most contour is for the case with 1000M˙ (label not shown).
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Figure 3. (a) and (b) Transit depth of the Ly-α line computed at mid-transit for the blue (≤ −36 km/s) and red (≥ 36 km/s) wings,
respectively, as a function of Doppler velocity. (c) Integrated absorption in the blue (blue diamonds) and red (red circles) wings of the
Ly-α line calculated at mid-transit, as a function of the stellar wind mass-loss rate. Table 1 shows these values and the total absorption.
planet remaining unchanged for models 0, 1 and 10M˙, the
Ly-α absorption has changed significantly when compared
to the no-wind model. For the 10M˙ model, we see a greater
reduction in the red wing absorption, as the planetary flow
towards the star is suppressed by the stellar wind. Though
we still see blue wing absorption in the 10M˙ model, it has
been significantly reduced compared to the 0 and 1M˙ mod-
els. This is because the stronger stellar wind reduces the vol-
ume of the comet-like tail, which contains most of the blue
shifted absorbing material. The volume of absorbing mate-
rial is further reduced in the 100M˙ model such that very
little blue wing absorption is found, and essentially no de-
tectable red wing absorption. The 1000M˙ stellar wind con-
finement has not only reduced the escape rate of the planet
MNRAS 000, 1–5 (2020)
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by 50% but also completely masked the observational signa-
tures of this escape in Ly-α, as we find no red or blue wings
absorption.
4 DISCUSSION AND CONCLUSION
We investigated here the dichotomy of atmospheric escape
in the newly discovered exoplanet AU Mic b. On one hand,
the high EUV flux of young host stars is expected to cause
strong atmospheric escape (Johnstone et al. 2015). On the
other hand, the star is expected to have a strong stellar wind
(10 to 1000M˙, Strubbe & Chiang 2006; Plavchan et al.
2009; Chiang & Fung 2017), which can reduce evaporation
in the planet (Vidotto & Cleary 2020; Carolan et al. 2020).
To investigate this dichotomy, we modeled the interaction
between the wind of AU Mic with the escaping atmosphere
of AU Mic b, by performing 3D hydrodynamics simulations
of the system. We considered a number of stellar wind mass-
loss rates from M˙ = 0 to 1000M˙. We found that increasing M˙
confines the escaping planetary atmosphere, which occupies
a smaller volume. When this confinement disrupts the sonic
surface of the planetary outflow, we see a more substantial
reduction in the escape rate. For the models with 0, 1 and 10
M˙ the escape rate is unaffected and remains 6.5 × 1010 g/s.
In the 100 M˙ model, the escape rate decreases slightly from
6.5× 1010 to 5.9× 1010 g/s. However, for the 1000 M˙ model,
escape rates is reduced by 50%, with a value of 3.2×1010 g/s.
This reduction affects differently the Ly-α transit ab-
sorption. We calculated synthetic Ly-α line profiles at mid-
transit and we found that, although we still see blue wing
absorption in the 10M˙ model, it is significantly small com-
pared to the 0 and 1M˙ models (Table 1). This happens
even though no appreciable reduction is seen in the escape
rate of these three models. This is because the stronger stel-
lar wind reduces the volume of the comet-like tail, which
contains most of the blue shifted absorbing material. For
the 1000M˙ model, we found almost no Ly-α absorption, as
most of the absorbing material is confined to a very small
volume around the planet.
A few years ago, Chadney et al. (2015) predicted escape
rates of a fictitious planet orbiting AU Mic. They assumed
a hot-Jupiter planet similar to HD209458b at 0.2au, and
obtained a strong evaporation rate of 1.2 × 1010 g/s. Due to
differences in the planet parameters, a comparison between
our results and theirs is not straightforward. If we were to
‘move’ their fictitious planet to the orbit of AU Mic b, we
estimate a factor of (0.2/0.066)2 ' 9 (i.e., linear with EUV
flux) increase in their escape rates, bringing their estimates
to 1011 g/s. This evaporation rate is about a factor of 2
larger than our ‘no wind’ model, but is on the same order of
magnitude. Note though that we are comparing two different
planets here – a fictitious hot Jupiter and AU Mic b, which
is a warm Neptune, and that the differences in planetary
gravity will affect escape rates (Allan & Vidotto 2019).
The numbers we quoted in this paper should be used
with care, as they are dependent on assumptions we made
for the system, such as the planetary escape rate in the no-
wind model, which we set from an assumed EUV flux, and
the stellar wind temperature, which we assumed is a typical
coronal-like temperature of 2 MK. We also assumed that the
stellar wind is spherically symmetric (purely radial velocity
and isotropic mass flux). If the star has a complex mag-
netic field topology, the stellar wind will not be isotropic, as
the field geometry leads to a non-homogeneous stellar wind
along the planetary orbital path (Vidotto et al. 2015). Even
if we were to adopt slightly different values for the planet es-
cape rate or stellar wind properties, the general conclusions
we found here should remain valid. Namely, we concluded
that should future Ly-α observations detect solely blue wing
absorption during the transit of AU Mic b (i.e., little or no
redshifted absorption), the stellar wind mass-loss rate of AU
Mic can be estimated to be ∼ 10M˙. A redshifted absorption
would imply mass-loss rates . 10M˙. Should future observa-
tions find a non-detection in Ly-α transits, we propose that
this could be due to stellar wind confinement of the escaping
atmosphere. In this case, our models would allow us to place
a lower limit on the mass-loss rate of AU Mic of & 100M˙.
This would help clarify whether AU Mic has a moderately
strong wind (10 times solar, Plavchan et al. 2009) or sub-
stantially stronger (1000 times solar, Chiang & Fung 2017).
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